Whether management intervention is required to control biological invasions depends primarily on demonstrating species losses resulting from such invasions. Brackens of the Pteridium genus are currently regarded as a problem species that act as important ecological filters in the assembly of invaded communities. We investigated the effects of Pteridium arachnoideum invasion on the diversity, structure, floristic composition, and functional traits of cerradão in Assis, São Paulo, Brazil. We compared an invaded site with an adjacent non-invaded site. Bracken constrained the establishment of tree species, resulting in a community structure remarkably distinct from the non-invaded area. The density and basal area of the arboreal community were higher in non-invaded areas, but large trees were more frequent in the invaded areas. However, bracken did not reduce tree species diversity. Both richness and diversity were higher in the invaded area, indicating that over time, tree species richness and diversity naturally recovered, albeit slowly, in the invaded area. Therefore, one cannot attribute the loss of richness in the Cerrado vegetation to bracken invasion. Hence, we argue that, in this system, eradication of this invasive species is not likely to be cost effective, and thus, it should be a low management priority.
Invasion impact by Pteridium arachnoideum (Kaulf.) Maxon (Dennstaedtiaceae) on a neotropical savanna Introduction
Biological invasion occurs when a species acquires a competitive advantage, and combined with a lack of natural barriers to prevent its proliferation, it can spread quickly into new areas and dominate recipient ecosystems (Valéry et al. 2008) . The impact of biological invasions has been the subject of considerable discussion in the literature (Cronk & Fuller 1995; McGeoch et al. 2010; Simberloff & Rejmánek 2011; Williamson 1996) . Biological invasions modify ecosystem processes (Raizada et al. 2008 ) and decrease species richness and abundance through several mechanisms, such as predation, competition, and hybridization, and alter community structure and genetic diversity (McKinney & Lockwood 1999) . Once biological invaders are well established in recipient ecosystems, reversal of the invasion process is rarely cost effective. Therefore, the long-term impacts of invaders on species diversity need to be carefully evaluated before considerable effort is made to control the invader and to restore an ecosystem (Norton 2009 ).
Although bracken ferns of the Pteridium genus were already part of plant communities prior to human settlement and agriculture, they are currently regarded as a problem species in various regions of Brazil (Matos & Pivello 2009; Portela et al. 2009 ) and other parts of the world (Marrs et al. 1997; Marrs & Watt 2006) . Characterized by large fronds and rapidly expanding rhizomes, brackens reduce the establishment of native vegetation (Marrs & Watt 2006) , and act as an important ecological filter in the assembly of invaded communities (Matos & Belinato 2010) . Species of Pteridium produce large quantities of dry biomass, increasing the frequency and intensity of wildfires (Ghorbani et al. 2006; Portela et al. 2009; Silva & Matos 2006) , and can also alter the soil seed bank and hinder the establishment of native species due to allelopatic compounds (Gliessman & Müller 1978) .
Invasions by bracken have been the subject of several recent studies in Brazil, which have shown the negative impacts of bracken species on native ecosystems (Matos & Belinato 2010; Matos & Pivello 2009; Portela et al. 2009; Salgado 2012 ), on economic activities (Furlan et al. 2014) , and on human health (Hojo-Souza et al. 2010 ). However, one study demonstrated that bracken populations could diminish over time and possibly succumb to forest succession (Pinheiro & Durigan 2009 ). The study monitored the changes in an area occupied by different Cerrado physiognomies over 44 years after fire suppression at Assis Ecological Station, and recorded a considerable decrease in the area occupied by bracken and a slow and sparse colonization by native trees. At the same time, the savanna vegetation in the non-invaded areas was replaced by cerradão, the forest type of Cerrado vegetation. The study indicated that changes in the invaded and non-invaded environments followed different pathways, and these observations motivated the present study.
We compared the plant community and succession processes of areas invaded by Pteridium arachnoideum with the areas not invaded by this species. Our hypothesis was that bracken hindered colonization by native species, resulting in reduced richness in the invaded community. To understand the interspecific differences in how native tree species respond to bracken invasion, we identified and quantified various functional traits of these species and measured the size-class structure of the community. Functional traitbased responses to bracken invasion enabled us to make recommendations for the management and restoration of ecosystems under similar conditions.
Material and methods

Study area
The Assis Ecological Station (EEcA) is located between 22°33'65"S and 22°36'68"S and between 50°23'00"W and 50°22'29"W in the municipality of Assis, São Paulo, Brazil, at 520-590 m above sea level. The land relief of the region consists of broad and flat hills with predominantly rectilinear slopes. Soils of the study area were identified as loamy Rhodic Hapludox and Quartzipsamments, all with high aluminum saturation (Bognola et al. 1996) . According to Köppen's classification, the study area is located in the transition zone between the Cwa and the Cfa climate types, which are both humid subtropical climates. The average annual rainfall is about 1400 mm, concentrated in the austral summer, and severe frosts sporadically occur (Brando & Durigan 2004) . The mean annual temperature is 22°C, mean maximum is 28.7°C, and mean minimum is 15.4°C (CEPAGRI 2014). The EEcA preserve includes 1312 ha of Cerrado vegetation and is one of the last remnants of Cerrado in the western part of São Paulo State. At present, the Cerrado in EEcA is composed of two distinct vegetation types: cerrado sensu stricto, a typical savanna physiognomy, in small patches, and cerradão, the forest type of Cerrado vegetation, in the majority of the area (Pinheiro & Durigan 2012) . However, these vegetation types have changed considerably in the last decades, after suppression of fires and other disturbances, and the area occupied by Pteridium arachnoideum (Kaulf.) Maxon has also changed (Pinheiro & Durigan 2009 ). From 1962 to 1984, the area occupied by bracken increased from 71 to 93 ha (31%). However, from 1994 to 2006, a rapid encroachment of the native vegetation was recorded, and the area occupied by bracken decreased from 91 to 39 ha, restricting its distribution to a little over half of the area it occupied in 1962. In this study, two adjacent sample sites were selected, one invaded by bracken and the other not. Both sites are located in the same watershed, at the same position in the slope. In 1962, the two sites were used as pastures, with no trees.
The invasive species
Pteridium is a widely distributed genus of fern, adapted to a broad range of environments because of physiological and ecological traits (Gliessman & Muller 1978; Marrs & Watt 2006) . It occurs in all continents, except Antarctica. In Brazil, Pteridium arachnoideum occurs mostly above 800 m above sea level from Bahia to Rio Grande do Sul. The ideal habitat for the species corresponds to high altitudes, cold and rainy weather, and acidic and well drained soils (Tokarnia et al. 2000) . This aggressive weed is very efficient at occupying pastures and disturbed forested areas because of a well-developed vascular system and a fire resistant underground rhizome structure (Roos et al. 2010 ) that is chemically resistant to herbivory and competitors (Fenwick 1989; Gliessman & Muller 1978; Hojo-Souza et al. 2010; Marrs et al. 2000) . The density and height of the fronds, which are spore-bearing leaves, increases when exposed to full light and high temperature (Roos et al. 2010) , and they can reach up to 3 m. The species can also survive in shaded environments, propagating by spores and by long-living rhizomes. However, it is susceptible to severe winters and frosts (Marrs & Watt 2006) .
Sampling
Preliminary studies by aerial photography and remote sensing (Pinheiro & Durigan 2009 ) showed that the density of the vegetation was very different between invaded and non-invaded areas and, thus, distinct sampling methods were used to analyze the different attributes of the communities. For richness and diversity analyses of the overstory trees, we used the point-centered quarter method, with the aim of standardizing the number of individuals sampled in the two communities. For structural analyses (density and basal area) we used plots to avoid the biases from the point-centered quarter method, which depends on the spatial distribution of the individuals sampled (Gorenstein et al. 2007) .
For the point-centered quarter method, we sampled 400 individuals with diameter at breast height (DBH) ≥ 5 cm, at 100 points distributed along 10 transects in each community. The distance between transects was 30 m in the invaded area and 25 m in the smaller non-invaded area. Because of the low density of trees in the area with P. arachnoideum, the distance between consecutive points on the transect was 20 m, which prevented the same individual from being sampled twice. To standardize the sampling, the same distance was adopted for the area without P. arachnoideum. No measurements were made of individuals, nor of the distance from point to tree, as is typically done for the point-centered quarter method, because only presence of the species and their relative abundance in each community were analyzed. For a comparison of the functional traits between communities, species were classified according to their seed dispersal syndrome (animal dispersed or not, based on Pijl 1982), their growth rhythm (slow, moderate or fast), tolerance to frost (tolerant or susceptible), and shade affinity (tolerant or intolerant), following the classification proposed by Durigan et al. (2004) . Species were identified in the field or by comparison with material from the Botany Collection of the Assis State Forest.
We used plots in three size classes (Muller-Dombois & Ellenbergh 1974) to assess the structure of the tree community. Fifteen plots were distributed systematically at each site from a random point. We sampled the upper stratum (DBH ≥ 5 cm in 10 m  30 m plots), intermediate stratum (1 cm ≤ DBH < 5 cm in a subplot of 2 m  30 m), and lower stratum (height ≥ 50 cm and DBH < 1 cm, in four subplots of 2 m  2 m within each plot) ( Fig. 1 ). We measured the height of all sampled woody individuals and DBH for intermediate and upper strata. For canopy cover estimation we used the line interception method (Canfield 1941) , whereby we measured the projection of the upper stratum over two 30 m longitudinal parallel lines within each plot. We counted all fronds of P. arachnoideum for the density calculation and visually estimated the percentage of ground cover by necromass of P. arachnoideum in the 2 m  2 m subplots.
Data analysis
Using the data obtained through the point-centered quarter method, we compared the diversity of the overstory trees between the two areas through the Shannon diversity index (H') and compared the richness by using rarefaction curves (Magurran 1988) with the software PAST (Hammer et al. 2001) . The data obtained from the point-centered quarter method and from the plots and subplots were used to calculate the floristic similarity between strata within the communities and between communities using the Jaccard similarity index. We applied chi-square tests using the program R 2.10.0 (R Development Core Team 2009) to compare the frequency of functional traits between communities.
To compare the vegetation structure, we used mean values of the density (individuals ha −1 ), basal area (m 2 ha −1 ), and canopy cover (%). The effect of bracken on the understory was assessed by the Spearman correlation analysis using the density of the lower stratum, the ground cover of the P. arachnoideum necromass, and the density of the bracken fronds. 
Results
Seventy-three native species were recorded in all strata in the two communities (Tab. 1). From this, 56 were sampled in the invaded area and 45 in the non-invaded area. Among the whole set of recorded woody species, 28 occurred only in the area with P. arachnoideum, 17 were unique to the non-invaded area, and 28 species were recorded in both communities (ISj = 38%).
In the non-invaded community, the upper and lower strata were floristically similar (49% of species in common). In the invaded community, the similarity between the lower stratum and the upper or intermediate strata was low (13% and 27%, respectively). In both communities combined, the understory comprising the intermediate and lower strata shared 55% of all species. However, only 37% floristic similarity occurred in the upper stratum, which comprised the first species to colonize the study areas (Tab. 2).
Comparing the 400 trees sampled in each community through the point-centered quarter method, a greater relationship between tree species richness and abundance was found in the invaded community (Fig. 2) . That resulted in a higher diversity of species occurred in the invaded area (H' = 3.2; CI = 3.217-3.45; 95%) than in the non-invaded area (H' = 2.951; CI = 3.211-3.446; 95%).
In general, the invaded community had a higher frequency of individuals that were dispersed by animals (χ 2 = 21.9387; df = 1; p < 0.01; Fig. 3A) ; were shade toler- ant (χ 2 = 13.1292; df = 1; p < 0.01; Fig. 3B ); had fast growth (χ 2 = 14.5195; df = 2; p < 0.01; Fig. 3C ); and were susceptible to frost (χ 2 = 15.1261; df = 1; p < 0.01; Fig. 3D ) in comparison with the non-invaded community (Tab. 1). The basal area (Fig. 4) and absolute density of native species in all strata (Fig. 5) were higher in the non-invaded than in the invaded community (Tab. 3). In the upper stratum, density was 2.5 times (t = −9.3877; df = 28; p < 0.01) and basal area was 1.6 times the values recorded in the invaded area (t = −4.1481; df = 2; p <0.01). In the intermediate layer, the density of the non-invaded vegetation was 4.5 times (χ 2 = 21.8862; df = 1; p < 0.01) and basal area was five times the values recorded in the invaded vegetation (χ 2 = 17.5008; df = 1; p < 0.01). In the lower stratum, the non-invaded community had six times more individuals per area than the invaded community (χ 2 = 21.8422; df = 1; p < 0.01). Tree canopy cover was 74.3% ± 13.9% in the invaded community, compared with 99.6% ± 0.7% without invasion (Fig. 6) . Density in the lower stratum decreased as ground cover by P. arachnoideum necromass increased (rs = −0.38, p < 0.0026). However, no correlation between frond density and density in the lower stratum was observed.
Comparing the distribution of the individuals among size classes in the two communities (Fig. 7) , the proportion of large trees (in height and DBH) was higher in the invaded community (χ 2 = 77.0935; df = 1; p < 0.01) than in the non-invaded community (χ 2 = 52.871; df = 1; p < 0.01).
Discussion
Bracken invasion affected the floristic composition and vegetation structure, and modified the tree community dynamics in the cerradão. However, we did not find lower species richness in the invaded area than in the adjacent non-invaded area.
The impact of invasion on the tree community structure was pronounced. Density and basal area of the woody spe- cies were lower and adult individuals achieved greater height and stem diameter in the invaded community than in the non-invaded community, presumably because competition was more intense in the latter. Even though the invasion slowed down the regeneration processes of woody vegetation, the bracken did not prevent succession towards physiognomy and floristic composition of the cerradão, a Cerrado type where life forms other than trees are very rare. Invaded areas within EEcA encompassed 90.7 ha in 1994 but was reduced to 39.2 ha in 2006, a reduction of more than 40% in 12 years (Pinheiro & Durigan 2009 ).
The upper stratum of the forest differed between the two communities with respect to species composition and functional traits. The species dominating the overstory in the invaded area were shade tolerant and fast growing, attributes that allowed them to overcome the physical barrier imposed by bracken in the beginning of succession. In turn, the lower stratum was functionally and floristically similar between communities, indicating that the differences that occurred during the colonization processes tended to disappear over time because of the facilitation provided by the first colonizers.
These results contrast with those of previous studies that found a decrease in richness and diversity after plant invasion by other species (Pinus elliottii var. elliottii, studied by and Schizolobium parahyba, analyzed by Abreu et al. 2014) or by bracken in other situations (Ghorbani et al. 2006; Mack et al. 2000; Portela et al. 2009 ). In the study region, the very severe frosts that were able to damage the native Cerrado vegetation (Brando & Durigan 2004 ) may also have reduced the Pteridium arachnoideum population (Watt 1954) . Consistent with the Pteridium cyclic model proposed by Watt (1945) , this event could have allowed for re-colonization of the areas by native woody species, despite the bracken invasion that had been occurring for over 50 years. The cyclic model suggests that bracken has periods of density increase and decrease through time. New individuals develop over the dense litter layer formed by the bracken fronds and become more susceptible to droughts or frosts. In turn, the new fronds are smaller, thereby decreasing the litter layer. The mortality rate then increases, opening gaps in the bracken layer and allowing for the establishment of woody species that were unable to occupy the areas densely covered by bracken.
In areas invaded by bracken in Ecuador, Hartig & Beck (2003) found a pattern of vegetation similar to that observed in this study, with shrubs, mainly Asteraceae and Melastomataceae, permeating the Pteridium patches. However, due to the low resilience of native forest in that region caused by the frequent use of fire for agriculture, the vegetation structure remains in an alternative stable state and cannot regenerate by itself, thus, it requires intervention.
In the cerradão, there were apparently no active ecological filters preventing or reducing the arrival of propagules of tree species in the area with bracken, and species rich-ness was higher than in the adjacent non-invaded area. Moreover, the species found in the invaded area were mostly animal dispersed, indicating that fauna visit the area, which increases the chance of new propagules arriving from the vicinity, thereby potentially increasing richness and species diversity. If there were active filters in the past, their restrictions may have been related to seedling establishment for the community as a whole, resulting in a low density of colonizing trees that acquired large sizes and broad canopies and created a mosaic of tree islands immersed in the bracken field. This environmental mosaic may be more suitable for the establishment of a larger number of species and functional groups compared with the non-invaded area, which presents a more homogeneous and consistent shady environment .
Management decisions should ideally be based on an understanding of the ecological processes involved in the invasion and on quantifying the losses resulting from it (Durigan et al. 2013 ). In the studied ecosystem, bracken populations do not appear to be spreading or proliferating, and native species richness has not decreased over time in the invaded areas. Management intervention to control or eradicate bracken in the system studied here may not be urgent or even necessary. However, in other ecosystems or under different conditions, the course of succession may be different. The lack of effective sources of propagules may lead to the stagnation of the ecosystem after invasion by bracken, requiring management intervention to facilitate the arrival of species (planting). Moreover, a natural reversal of the invasion may not occur if the target vegetation is susceptible to fires, considering that Pteridium increases in density in post-fire environments (Roos et al. 2010; Silva & Matos 2006) . Bracken may also have a more lasting effect on non-forest vegetation, given that shading of bracken by trees appears to be the major mechanism by which the biotic filter imposed by bracken can be overcome. Management decisions should therefore be made on a case-by-case basis after a diagnosis of the local site conditions. The results from this study clarify several of the processes involved in the invasion of Cerrado areas by this species of bracken, which could inform management decisions in similar circumstances.
